Introduction
Organic materials have played a significant role in the field of optoelectronic applications due to their simple device processing on flexible substrates as well as possible large scale production using role-to-role technology [1] [2] [3] [4] [5] . Several investigations have been carried out during the last few years in order to produce highly efficient organic solar cells (OSCs) addressing different challenges, mainly device performance and stability through the control of active morphology [6] [7] [8] [9] . This property has demonstrated a significant influence on the orientation of the organic molecules within the blend, which directly impacts on charge carriers' transfer [10] . Active layer morphology also directly affect the interfaces between the two system components within the Poly (3-hexathiophine-2,5-diyl) (P3HT) and [6, 6] -Phenyl C 61 butyric acid methyl ester (PCBM) blend, which in turn influences the charge carriers' separation [10] . Furthermore, the metalsemiconductor contact, as well as the energy offset between the donor and the acceptor levels, is another essential parameter which influences the overall performance of the OSCs [10] . Up-todate, the highest performance OSC has been reported by Toshiba with power conversion efficiency (PCE) of 11±0.3% [11] . Among all the organic materials, P3HT:PCBM blends are the most investigated organic system for OSC applications; the highest recorded PCE for this system is found to be in the range of 4.5-6% [12] [13] [14] . Recently, we have reported several approaches based on different treatments of blends comprising P3HT:PCBM; these include, employing cosolvents to dissolve the active layer materials [15, 16] with highest PCE recorded for a cosolvents treatment of chlorobenzene (CB):chloroform (CF) (1:1) is 2.73%. Further investigation was carried out to optimise active layer thickness where the highest PCE of 3.86% was associated with a layer thickness of 95nm [17] . We have also utilised different fullerene derivatives to control the open circuit voltage of the OSCs; a PCE of 4.2% was reported for OSC active layer to blend comprising P3HT:PC 61 BM [18] . Moreover, post-annealing treatment of P3HT:PCBM devices have been shown to play an important role if determining device characteristics; an optimum PCE of 5.5% was found for OSC devices treated at 140 o C [10] .
Using soluble Alq3 compound as an electron transport layer (ETL) [19] to modify the aluminium (Al) back contact, an improved PCE of 3.92% was achieved without post-annealing treatment for the P3HT:PCBM blend. In a final attempt to improve the performance of the OSC of this study, the poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) hole transport layer (HTL) has been doped with different metal salts, which include lithium chloride (LiCl), cadmium chloride (CdCl 2 ), sodium chloride (NaCl) and copper chloride (CuCl 2 ) in solution forms. It has been concluded that PEDOT:PSS treated with LiCl solution (10 mg.ml -1 ) has resulted in the most improved P3HT:PCBM-based device performance with PCE of 6.82% [20] .
In the current study, all the device processes described above are applied in one process in order to investigate the combined effects of the same device; the final configuration of such process is summarised in Fig. 1 . 
Characterization techniques
UV-visible spectrophotometer (Varian 50-scan UV-visible) in the range of 190-1100 nm has been used to study the absorption and transmittance spectra of the studied layers. The films' morphology has been investigated using a Nanoscope IIIa multimode (Bruker) atomic force microscope (AFM) and an FEI-Nova scanning electron microscope (SEM). The Mott-Schottky analysis was employed to study the capacitance versus voltage (C-V) characteristics of the OSC devices using an HP4284A (20 Hz-1 MHz) Precision LCR meter; discussion of the theoretical part of this analysis is found elsewhere [10] . The photovoltaic (PV) properties were studied using a 4200 Keithley semiconductor characterization system and the photocurrent was generated under AM 1.5 solar simulator source of 100 mW.cm -2 . The Fill factor (FF) and the PCE of the solar cells were evaluated using the following equations [21] :
where J sc is the short circuit current density (mA.cm -2 ), V oc is the open-circuit voltage (V), P in is the incident light power and J max (mA.cm -2 ) and V max (V) are the current density and voltage at the point of maximum power output in the current density versus voltage (J-V) curves, respectively.
Results and discussions

Optical properties:
Fig . 2 shows the absorption and transmittance spectra for the layers under study as well as the complete device (without Al electrode). Generally, Alq3 layer has exhibited typical transmittance spectra with an optical band gap of 2.83 eV [16] . PEDOT:PSS treated with LiCl metal salt has shown lower transmittance in the near infrared (NIR) region compared to the visible region; this could be related to the absorption of the PEDOT:PSS layer within this region. Gasiorowski and co-authors have reported that PEDOT:PSS layer has a small absorption coefficient in the UV and visible regions, while it has a higher absorption coefficient in the NIR region of the spectra [22] .
P3HT:PCBM active layer, on the other hand, has shown 4 different bands (a,b,c and d); bands a, b and c were attributed to the P3HT absorption, while band d was ascribed to the absorption of PCBM molecules [15] . Similar spectra have been observed for the complete device structure (before depositing the Al back contact) correlated with an increase in the absorption intensity over the investigated spectral range and a clear absorption enhancement in the NIR region as well as in the UV region (below 400 nm). The absorption band d has almost diminished and became as a shoulder on the latter peak. The absorption enhancement in the fully-treated device could be ascribed to the contribution of absorption of the salt-treated PEDOT:PSS layer within the complete device [22] and/or the light scattering and trapping within the complete device [23] .
The surface roughness of ITO/LiCl-treated PEDOT:PSS layer could result in light scattering, therefore it may contribute in longer light propagation pathway within the P3HT:PCBM active layer and results in light trapping. Generally, light trapping occurs due to total internal reflection (TIR), absorption, and surface plasmon. Increasing the optical path length within a device by light trapping supports the light bouncing back and forth about 50 times [24] . The proposed light trapping mechanism is depicted in Fig. 3 showing the scattered light from the ITO/LiCl-treated PEDOT:PSS layer. Surface morphology of the PEDOT:PSS layer is illustrated using a SEM image, as shown in Fig. 4 , whereas its surface roughness has been investigated using AFM image as shown in Fig. 5 . Light scattering and trapping within the complete device are thought to be beneficial in enhancing light harvesting by the device active layer and therefore increasing the current density and subsequently device efficiency [23, 25] . Petoukhoff and co-workers have stated that roughness of the absorber layer assists in light scattering [26] , a property which is thought to contribute to increasing the light absorption leading to increased current density. The same authors have also demonstrated an overall absorption enhancement as large as 12% in organic semiconductor layers with different metal coated glass substrates. It has also been verified that total absorption might be further improved by minimising reflection losses when the polymer/fullerene active layer is incorporated into a complete device which incorporates charge transport layers on both sides of the device as well as an anti-reflection layer [26] . Another possibility of enhancing light propagation through the device is through the reflected light from the randomly textured organometallic/metal electrode (Alq3/Al) to the P3HT:PCBM active layer, as defined by the Lambertian limit, where the reflected light exhibits prolonged optical path [27] .
Randomising the direction of light may assist the reflected light to be totally internally reflected,
where in the present case, the light reaching the Alq3/Al surface at an angle higher than the critical angle will be totally reflected towards the active layer, leading to dramatic improvement in light absorption [27] [28] [29] .
A further reason that might enhance optical absorption by the active layer is due to possible surface plasmon resonance (SPR) at the interface between ITO/PEDOT:PSS and the active layer.
Initial measurements using total internal reflection-enhance spectroscopic ellipsometry (TIRE) has been carried out using J.A.Woollam (M2000) spectroscopic ellipsometer. This technique measures two angles, Ψ and Δ, which are defined as the ratio of complex reflection coefficients (ρ) of the two electric components, p (parallel) and s (normal) to the plane of incidence and Δ is the phase shift between the two polarised light components, respectively [30] . Utilising a prism of the angle of 68 o the measured spectra have shown two resonance minima at 660 nm and 850 nm due to possible SPR phenomena at the above-mentioned interface [31] as shown in Fig. 6 .
These results are the subject of further investigation in order to elucidate the exact origin of these spectra. A similar observation has been reported by Baba and co-authors in P3HT:PCBM blends based on grating-coupling SPR [32] .
Electrical properties
The performance of the complete device has been investigated in the dark and under AM 1.5 solar simulator source of 100 mW.cm -2 . Fig. 7 shows the J-V characteristics of the investigated solar cells, demonstrating best device characteristics. The derived PV parameters of three different devices are summarised in Table 1 [33] . Furthermore, controlling the polymer nanoscale and enhancing the organic phase-separation of P3HT:PCBM active layer could improve J sc and FF and hence the good PCE [34] . According to Shockley-Queisser limit (SQL) which establishes a theoretical limit for FF as a function of V oc , the FF in OSCs is expected to be lower than that for inorganic solar cells counterpart due to possible increased charge recombination [35, 36] . An improved heterojunction is desirable for excitons' dissociation into free charge carriers where an additional energy is required; therefore, the OSC efficiency is thought to be lower than the SQL. This extra energy ultimately leads to a decreased open circuit voltage [37, 38] . However, the short circuit current density of the OSC can possibly exceed that for a single p-n junction inorganic solar cell due to the effect of singlet exciton fission when one photon can produce two pairs of electrons and holes [39] .
The analysis of the studied device was further carried out using dark J-V and C-V measurements.
The barrier height (ϕ B ) and the ideality factor (n) of the devices were determined using the following equations [40, 41] :
where q is the fundamental electron charge, k is Boltzmann constant, T is the absolute temperature, and A * and J o are the Richardson constant (120 mA cm -2 K -2 ) and the reverse saturation current density, respectively. The theoretical background for C-V measurements analysis can be found elsewhere [10] . The ideality factor with a value of 1.6 was estimated from the dark characteristics presented in the inset of Fig. 7 ; this value indicates that lower recombination rate occurs within the device which could be assigned to the effective charge collection from the respected electrodes by employing efficient hole and electron transport layers [19, 20] . The efficient charge collection contributes in the high FF obtained in the current work [42] . The noticeable increase in the J sc is consistent with the increase in internal power conversion efficiency (IPCE) measurements as shown in Fig. 8 . The latter data shows a typical spectral response of P3HT:PCBM blend with a maximum IPCE of about 40% at 520 nm. The increase in the spectral response of the completely processed device by about 50% above the pristine reference device is consistent with the increase in the short circuit current [43] .
Furthermore, Schottky barrier is created and a depletion region is formed when the P3HT:PCBM blend is contacted with a low work function metal contact [44] . On the other hand, the anode (ITO/PEDOT:PSS) is considered as an ohmic contact because of the energy level alignment between the PEDOT:PSS and P3HT [10, 45] . The barrier height of 0.86 eV (as shown in Table   1 ) has been estimated from the J-V characteristics. The built-in potential (V bi ) can be estimated from the extrapolation of the linear part intersection with the voltage axis of the dC −2 dV ⁄ plot shown in Fig. 9 ; this gives a value of V bi =0.52 eV and the estimated ϕ B is 0.86 eV which is in agreement with the value derived in this work from the dark J-V characteristics. Furthermore, the series resistance of 45 Ω was estimated using the dark J-V measurement which is thought to enhance the device FF [45] . It is well-known that FF represents the efficiency of charge collection before they recombine inside the cell which basically depends on the charge carrier's mobility, the built-in potential and the carrier recombination rate [46] . FF as high as 71% has been calculated which is one of the highest reported values in OSCs [45, 47, 48] .
Conclusion:
P3HT:PCBM-based solar cells have been examined in a completely processed device structure with a configuration of ITO/LiCl-treated-PEDOT:PSS/P3HT:PCBM/Alq3/Al. This novel configuration structure has evidenced a remarkable improvent in the OSC device performance as well as an increase in the optical absorption intensity in the NIR region leading to enhanced IPCE in about 50% compared to the reference device. The device has shown a significant enhancement in the PV performance compared to the reference device with PCE of 7%, FF of 71%, V oc of 0.61 V and J sc of 16.2 mA.cm -2 . The PCE enhancement has been attributed to the increase in J sc ; the latter was attributed to the absorption enhancement in the fully-treated device which could be ascribed to the contribution of absorption of the salt-treated PEDOT:PSS layer within the complete device, the light scattering and trapping within the complete device, and/or the total internal reflection of light. Moreover, the efficient electron and hole transport layers are thought to have contributed to efficient charge collection which results in improved FF.
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